The " brown-line" reaction on cellulosic ma terials at t he boundary between areas wet with water and dry areas has now been found to be an example of a general phenom enon . Other fib ers and liquids participate in oxidat.ion react ions at wet-dry interfaces. Examples of t he r eactions arc given , t he conditions necessary for t hem are demon strated , and the nature of t he reactions is disc ussed .
Introduction
Bone and Turner [1, 2] 1 first reported that cellulose wldergoes degradation at the wet-dry boundary upon continuous immersion of one end of a long strip of cotton cloth in water . This r eaction was evidenced by the appearance of a brown line at the highest level to which water ascended. Th e color was found to result from the presence of a brown material that fluor esced in ultraviolet light and \vas water-soluble and r edu cing. When this ma terial was washed away, the cloth itself was found to have been attacked with formation of an oxidized cellulose. As this oxidized cellulose was non transportable and as it could be found only at the wet-dry boundary, the site of the r eac tion was established. Thus, the possibility was eliminated that the upward flow of water had concentrated the products of a reaction that occurred elsewhere in the wet region of the cloth.
Bogaty, Campbell, and Appel [3 ] confirmed the observation of Bon e and Turner [2] that the oxidized cellulose was of the mildly r educing acid type and showed that among the soluble products were glucuronic acid, formic acid, and formaldehyde.
Al though oxidation appear to be involved in the reaction, the identity of the oxidant has not been established. Bone and Tmner [2] wer e unable to ascribe this role to peroxide or ozone, and as the reaction was found to occm in a nitrogen atmosphere as well as in air, a tmospheric oxygen did not appear to be responsible. Th ese workers recognized the possibili ty that oxygen held by the cotton might have accounted for the reaction observed under nitrogen. More r ecently, a partial inhibition of the reaction was reported by Madaras and Turner [4] , · who conducted experiments at a pressure of 8 mm of mercmy and detected the formation of acidic oxidized cellulose at wet-dry interfaces but did no t observe browning. To account for the formation of the oxidized cellulose, a Cannizzaro reaction was postulated involving terminal aldehyde groups produced by hydrolysis at the wet-dry interface. The brown material formed in experiments carried out in air was concluded to result from a secondary reaction involving oxygen.
The pronounced activity observed on cellulosic materials at the boundary between dry areas and area wet with water made it of interes t to investigate similar regions involving other liquids and other fibrou s materials. Such studies have now been 1 Figures in brackets indicate the literature references at the end of tbis paper. made, the results of which indicate that the reaction at cellulose-water-air interfaces is an example of a general phenomenon . As this may be of wide inter es t, it seems desirable to report the results of the work at this time, even though many questions concerning the phenomenon remain to be answered.
. Materials and Methods
The fibrous materials u ed in the investigation were cotton cloth (plain weave, commercially bleached, sizing-free, 3.6 oz/yd 2 , 87 warp yarns and 84 fillin g yarns per inch ), nylon cloth (plain weave, 2.6 oz/yd 2 , 158 warp yarns and 96 filling yarns per inch), acetate cloth (plain weave, 13.3 oz/yd 2 , 119 warp yarns and 65 fuling yarn per inch), and q uartzfib er paper made by the Paper Section of the National Bureau of Standards. These materials were cu t into strips, 1 to 2 in . wide, and purified.
The cotton strips were extracted with boiling 95 percen t ethanol for 8 hr, immersed in boiling I-percent sodium hydroxide solution in the absence of air for 2 hr, washed in distilled water, neutralized with dilute acetic acid, and again washed. The nylon strips were extracted with boiling ether for 6 hr , washed with a dilute solution of mild soap in distilled water, and thoroughly rinsed. The acetate strips were washed in dilute soap solution and thoroughly rinsed. The quartz-fiber paper was ignited at 800 0 C for 16 hr.
The liquids used were benzene, xylene, chloroform, n-pentane, and distilled water . Of the or ganic liquids, the first three were reagent-grade chemicals that were distilled before use, the first two bein g previously dried over sodium. The n-pentane was of technical grade and was purified by shaking for 2 to 3 hr with several portions of 30-percent fuming sulfuric acid. It was then washed with water, dried over sodium wire, and distilled. The distilled water was red istilled first from acidified and then from alkaline permanganate.
The oxygen used was the usual commercial produc t ; the nitrogen was a specially purified commercial produ ct with an oxygen content below spectroscopic detec tability.
Evaporation experiments were performed in Pyrex glass apparatus, which provided gas inlet and outlet tubes, and a support for the strip of fibrous material. The general arrangement was similar to that sho\yn in figure 1 . A sufficient length of fibrous matenal was suspended from the L-shaped support to reach the bottom of the chamber where it dipped into 200 to 300 ml of the liquid to be evaporated. The flow of gas was adjusted to permit the liquid to rise by capillarity to between one-third and two-thirds of the height of the unimmersed portion of the fibrous strip. Under these conditions, several days were required for complete evaporation of the liquid. U suaIly, however, eva pora tions were no t carried to dryness but were termin.ated when evidence of reaction, that is, fluorescence at the wet-dry interface, was detected. In. the absence of evidence of reaction, experiments were continued for a minimum of 3 days. Some of the experiments were carried out in the diffuse light of the laboratory; others were carried out in a darkroom or were protected from light by wrapping the reaction chamber with heavy brown paper. Experiments were conducted at room temperature, which ranged between 23° and 33° O. For evaporation of n-pentane under nitrogen, the apparatus shown in figure 1 was used. With the fibrous material installed, the apparatus was alternately evacuated on a high-vacuum line and flushed with nitrogen during a 40-hr period. Simultaneously, approximately 300 ml of n-pentane was degassed by usual techniques in another part of the vacuum sys tem. Then , with the n-pentane frozen and both parts of the system under vacuum, the stop cock between the two parts was opened and the n-pentane, as it warmed up, was allowed to distill into the chamber containing the fibrous material. The flow of gas was then begun and regulated at a rate sufficient to maintain the wet-dry interface at the desired height. Table 1 presents a summary of the experiments. ,Vhen other fibrou s materials and liquids were subj ected to the conditions that favor brownlin e formation with cellulose and water, fluorescent lines visible under ultraviolet light wer e found at the wet-dry interfaces within 12 to 40 hr. Oontinuation of the experiments for several days resulted in visible browning at the interfaces . These r es ults were obtained 011 cotton cloth upon evaporation of benzene (experiment 1) , xylene (experiment 2), and chloroform (experiment 3); on acetate cloth and nylon cloth upon evaporation of water (experiments 7 and 8, respectively); and on cotton cloth, nylon cloth, and quartz-fiber paper upon evaporation of n-pentane (experiments 4, 9, and 13, respectively).
. Results and Discussion
The basis for this common pattern of behavior was sought in an investgation of conditions essential for the r eactions.
As the reactions were obtained in experiments carried out in the absence of light (experiment 1, 2,3, and 13 ), it appears that the reactions are not photochemical in nature. • Unless otherwise indicated, a strip of the fibrou s material was suspended in the liquid in sucb a way that a wet-dry interface was present on the fibrous material. ~rh e fluorescen ce was obse r ved at the interface. Experiments were carried out in tbe d iffuse ligh t of tbe la boratory except as indicated.
T hat these brown-line reactions are dependen t upon the presence of contiguous wet and dry areas was suggested by experiments 5 and 10, using cotton and nylon with n-pentane in the presence of oxygen. Here, the entire lengths of the un immersed portions of the fabrics were wet with ascending liquid throughout the 3 days of evaporation. This was accomplished by reducing the rate of flow of oxygen and employing shorter strips of cloth. With this arrangement, neither fluorescence nor browning were detected along the fabrics or upon the supporting rods.
Evidence that oxygen is essential to the reactions was provided by experimen ts 11 and 14, using npentane with nylon and quar tz-fiber paper, respectively.
These experiments were performed at a tmospheric pressure in apparatus from which as mu ch oxygen as possible was excluded. To do this, the fibrous material and liquid were degassed separately under high vacuum b efore bein g brought into contact . The evaporation of n-pentane for a 3-day interval in an atmosphere of prepurified nitrogen then occurred without detec table r eaction. As reactions had been found to occur when oxygen was available during similar exp eriments (experim ents 9 and 13 ), it b ecame evid en t that oxygen was essen tial for the reaction. In view of the evidence (discussed below) that chemical modification of the fibrou s material is not involved in t he brown-line r eaction that accompanies the evapora tion of organic liq uids, exp eriments 11 and 14 _ are b eliev ed to r epresen t complete inhibition ra ther than limited r eaction of the type repor ted b~' ~Iaclaras and Turner [4] . Oxygen thus appears to be of primary importance.
The likelihood that the fluorescence and brown material that r esulted from ev aporation of the organic liquids on fibrou s m aterials were derived solely from chemical modifi ca tion of th e liquids, rather t han from modifica tion of the fib er , was suggested from the following observa tions:
1. The brown material obtained with n-pen tan e and cotton clo th (cxperimen t 4) was soluble in n -pen tane but n o t in wa ter . D espi te this difference in solub ili ty from the brown m a terial form ed by evaporation of wa ter from cellulose, bo th brown materials wer e capable of redu cing silver thiosulfa te in alkaline solu tion. These facts indica ted that t he n-pen tan e-solubl e brown m a terial was partially oxid ized but cap able of further oxidation, and in its solubili ty was lUllike substances th at migh t b e expected from cellulose degrad ation .
2. After extrac tion of the brown material with n-pen tan e, th e cotton clo th that had been used in the exp erimen t with n -pentane (experimen t 4) failed to show the r eac tions characteristic of oxidized celluloses with m ethdene blue and wi th alkaline silver thiosulfate solu"tion, indicatin g that the cellulose h ad no t b een oxidized durin g the in terface r eaction.
3. The sam e lack of wa ter-solubility of th e brown products and the same nonreactivi ty of the extracted cotton to m ethylen e blue and alkaline silver thiosulfate were observed in t he experimen ts using benzen e and xylen e with cotton (experimen ts 1 and 2).
4. The brown-line reaction Lhat accompanied the evaporation of n -pen tan e from quartz-fib cr paper un der oxygen (experiment 13) lef t little doub t that the liquid was th e source of the brown products, in as much as quar tz is no t subj ect to oxidation .
In experiment 6 an extended degassing procedure was carried ou t on cot ton cloth and n-pen tane, which were then combined for evapora tion in nitrogen . In con tras t with similar experimen ts employing nylon cloth and qu a rtz-fib er paper wi th n-pentane (experiments 11 and 14), which gave n o evidence of r eac tion, fluorescence wa s detec ted within 24 hI' after the star t of evaporatioI . Thi res ult is no t considered to cont radict the conclu ion that oxygen is essential to t h e bro"vn-line r eaction with organic liquids, for, as suggested by Bone and Turner [2] , it is possible that t he cotton fib ers may con tain sufficient sorbed oxy gen to accoun t for th e reaction. If, as suggested above, it is the n-pentane and not the fibrous material that und ergoes chemical modification in the evapora tion. experiments, it is probable that the reaction will be essentially the same, r egardless of the nature of the fibrou s material. Thus, th e fa ct that oxygen is essential to reaction during evaporation of n-pentane from nylon cloth and quartz-fib er paper suggests that it is also essential to r ea ction during evapora tion of n -pentane from cotton cloth. In thi s connec tion, it is of interes t tha t M adaras and Turner [4] observed no eviden ce of r eaction wh en n-hexan e and cyclohexane were evaporated from cotton cloth in a va cuum.
As both oxygen and wet-dry in terfaces on. th e glass walls of the r eaction chamber were available during many of th e experiments described in this paper, evidence of the interfa ce r ea ction should have app eared on the glass walls, if those con.dition s were sufficien t to produ ce reaction. Bu t in no expCl-imCll t was evidence of r eaction found anywhere excep t a t th e boundal Y between contiguou s wet and dry areas on fibrou s ma terials. Thus, even th ough tbe quant ities of produ cts form ed are extJ-emely sm all , wetdry boundaries on fibrou s matCl ials are to be r egarded as consti t u ting regions of enh an ced chemi cal activity.
In order to show tha t the wet-dry in terfaces on the fibrous ma terials did no t mer ely serve a sites wher e produc ts formed elsewhere were most r eadily detected, experimen t 12 was condu c ted. In this experimen t, n-pentane was distilled in to th e t ube sh own in figure 2, where it was sh ak en for 12 hI' in an atmosphere of oxygen and then degassed. The t ub e con taining th e n-pen tan e was then attach ed to th e r eaction ch amber in place of the vac uum conn ec tor shown at th e top of figure 1, and th e assembly, which con tained a strip of nylon clo th , was degassed. The sealed capillary ( fig. 2) was t hen broken , thus allowing the liquid to siphon into the reaction chamber wher e the evaporation was conducted under nitrogen . E ven wi th this most favorable arr angemen t for ("oncentrating an y products of th e reac tion of oxygen and n -pen tane, there was no indica tion of fl uorescence or of brown-line fo rmation .
E vapora tion of water from aceta te cloth and nylon cloth in th e presen ce of oxygen (exp eriments 7 and 8) dem onstra ted brown-line reaction s with other combina tion s of materials. Here, as in the brown-line reaction with cellulose and wa ter, the products are consider ed to be derived from t he degradation of the fibrous materials. No attempt was made to verify this by experiment with the acetate and nylon . 
. Conclusions
The results suggest that continuous evaporation of liquid at a wet-dry interface on a fibrous material in contact with air is accompanied by chemical modification of either the liquid or fibrou s material, depending on the kind of materials involved. With organic liquids, such as n -pentane, reaction appears to be confined to the liquid; with water, modification of the fib er occurs. Characteristic of all of these reactions is the formation at the wet-dry interface of a brown line that fluoresces in ultraviolet light. Atmospheric oxidation is involved in at least some of the reactions, as shown by the fa ct that the brownline reaction occurring during the evaporation of n-pentane from nylon cloth and quartz-fiber paper in an oxygen atmosphere does not occur in a nitrogen atmosphere.
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